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Abstract. Heterojunction, a photoelectric conversion center, plays a critical role in photo 
detection. A compare study is performed on field effect phototransistors (FEpT) with two 
typical heterojunctions based on graphene and PbSe quantum dots (QDs) hybrid, including 
layer-heterojunction (LH) and bulk-heterojunction (BH). LH-FEpT exhibits a higher mobility 
(μn) 677 cm
2
V
-1
s
-1
, whereas μn of BH-FEpT is as low as 314 cm
2
V
-1
s
-1
, however the higher 
responsivity (10
6
 A/W) is achieved by the former. Because R is proportional to the product of 
mobility and transfer rate, and high transfer rate of LH-FEpT overcompensates the shortage 
of low mobility. Although large area of heterojunction and high mobility benefit high density 
of photo-induced carriers, lack of transport mechanism becomes to the main constrain factor 
in BH-FEpT. Therefore, LH-FEpT is a better candidate of near infrared (NIR) photo 
detectors. 
  
 
Heterojunction, a photoelectric conversion center, plays a critical role in photo detection. 
Two typical heterojunctions are layer-heterojunction (LH) and bulk-heterojunction (BH), 
which have both advantages for sensing light. However, which type achieves higher 
responsivity is still a problem. Here, a compare study is performed on these two typical 
heterojunctions based on graphene and PbSe quantum dots (QDs) hybrid. By investigation of 
the output, and transfer characteristics, the responsivities and response time, we conclude that 
LH-FEpT achieves higher response rate and responsivity, therefore becomes a better 
candidate of NIR photo detectors. 
 Introduction 1.
Solution-processed FEpTs based on graphene, inorganic quantum dots (QDs) and their 
hybrid have achieved in ultrahigh performances [1-6], and are attracting more and more 
attentions, due to great potential applications in NIR detectors with low cost, low 
energy-consumption, flexibility, easy fabrication and easy integration[7-10]. As a center of 
exciton (electron-hole pair) separation or carrier transfer, heterojunction plays a critical role in 
photo detection [11, 12]. In general, there are two typical heterojunctions for FEpT channel 
structures: layer-heterojunction (LH) and bulk-heterojunction (BH). Based on these structures, 
photo responses have been reported. Xu’s group reported BH-FEpTs based on grphene and 
lead sulfide quantum dots (PbS QDs) hybrid[13]. Under gate voltage of -10 V and bias 
voltage of 100 μV, photoresistance reached to 20 Ω [13]. Konstantato’s group and Yan’s 
group both reported LH-FEpT based on graphene and PbS colloidal quantum dots hybrid with 
ultrahigh responsivity of 10
7 
A/W [14, 15].  
The responsivity Rph of a thin film photoconductor is expressed as Rph = enμEW/P, where 
e is electronic charge, n is the density of photo-induced carriers per unit area, μ is the carrier 
mobility, E is the applied electric field, P is incident optical power, and W is the width of the 
device[15]. Based on that, BH has larger interface where exciton separates (high n), but 
irregular shape of channels where carriers transport inefficiently[16]; LH has regular shape of 
  
channel, but small interfacial area (low n) [14, 15]. However, considering above factors, 
which type achieves higher responsivity is still a problem. 
Here, two typical FEpTs are fabricated based on graphene and PbSe QDs hybrid. By a 
compare study, we investigated the output, and transfer characteristics, the responsivities and 
response time of them. We conclude that LH-FEpT achieves higher response rate and 
responsivity, therefore becomes a better candidate of NIR photo detectors.   
 Experiments 2.
2.1 Materials 
Graphene powder used in BH-FEpT was purchased from The Sixth Element Inc, and 
single layer graphene on Si n 
+
/SiO2 used in LH-FEpT was purchased from Hefei Weijing 
Material Technology Co., Ltd. PbSe QDs was synthesized through a wet chemical method 
[17]. PbSe QDs was characterized by optical spectra and transmission electron microscope 
(TEM), as the insert of figure 1 (a) with a scale bar of 20 nm. The absorption and 
photoluminescence (PL) spectra were performed on PbSe QDs toluene solution by Zolix 
Omni-λ300 spectrometer. The absorption peak locates at 1703 nm, while PL peak is at 1730 
nm excited by a cw laser in wavelength of 532 nm. According to a 
four-band-envelope-function formulism, the average diameter of PbSe QDs is 6.5 nm[18]. 
High resolution transmission electron microscopy (HRTEM) was performance by 
transmission electron microscope from FEI Co., Tecnai G2 F20, and 200 kV. Based on TEM 
image, the average size of the PbSe QDs is attributed to 6.5 nm consistence with the size 
deduced from absorption spectrum of figure 1 (a).  
  
 
Figure 1 (a) the absorption and photoluminescence (PL) spectra of PbSe QDs, the 
insert is HRTEM image of PbSe QDs with a scale bar of 20 nm. (b) FTIR spectra of 
PbSe QDs, Graphene, and the hybrid. 
The hybrid solution was prepared by combining one volume of graphene toluene solution 
(~1 mg/ml) and three volumes of PbSe QDs (10 mg/ml) toluene solution. The transmission 
peaks of PbSe QDs, MEH-PPV, and their hybrid have been characterized through fourier 
transform infrared (FTIR) spectra (by FTIR-650-spectrometer from Tianjin Gangdong 
sci.&tech. development Co., Ltd.), as figure 1 (b). For PbSe QDs, FTIR spectra exhibits the 
properties of ligand, which is attributed to dioctyl phthalate (DOP), and no peaks was from 
graphene in such region. We believe that DOP is a by-product of PbSe QDs reaction, which is 
capping the surface of QDs when prepared. For the hybrid, the characteristic peaks are the 
superposition of graphene and PbSe QDs.  
2.2 Fabrication of FEpTs 
LH- and BH- FEpTs based on graphene-PbSe QD hybrid were fabricated experimentally. 
The schematic diagrams are displayed in figure 2 (a) and (b), respectively. Substrates are Si 
n
+
/SiO2. The thickness of SiO2 is 300 nm.  
LH-FEpT was fabricated by following processes. A single layer graphene was transferred 
to the surface of substrate (the growth and transfer of single layer graphene were done by 
Hefei Weijing Material Technology Co., Ltd). Then Au source and drain in thickness of 200 
  
nm were thermally evaporated over a shadowed mask. Three layers of PbSe DQs were 
deposited layer by layer. Each layer was prepared as follows: 2% (Vol.) ethanedithiol (EDT) 
in acetonitrile solution was first prepared for ligand exchange. PbSe QDs toluene solution was 
prepared at 10 mg/mL in toluene. A drop of PbSe layer was first deposited on the spinning 
substrate with speed of 2000 rpm and left for 15 seconds to dry. 3 drops of 2% EDT solution 
were then deposited on the rotating substrate and followed by 2 drops of acetonitrile and 2 
drops of toluene.  
The BH-FEpT was fabricated by Au electrodes thermal evaporation directly on the 
substrate over the same shadowed mask. The thickness was 200 nm. Three layers of 
graphene-QD hybrid were spin casted from the hybrid solution, as figure 2 (b). Each layer 
was deposited by a similar process to LH-FEpT layer preparation, except for replacing PbSe 
solution by hybrid solution. Each device was dried in vacuum overnight. 
The SEM images of cross sections of LH-FEpT and BH-FEpT are given by figure 2 (c) 
and (d), respectively. The structure of each device is very clearly visible. The bottom layer is 
Si n
+
, on which is SiO2 layer. The thickness is attributed to 300 nm. The top layer is 
heterojunction layer. The thickness of PbSe QDs layer in LH-FEpT is 75 nm, and that of BH 
layer is 84 nm. Clearly, delamination is absent or present in BH and LH-FEpT, respectively.   
 
Figure 2 Schematic diagram (a) and the cross-sectional SEM image (c) of 
LH-FEpT: a singal layer of graphene and three layers of PbSe QDs. Schematic 
  
diagram (b) and the cross-sectional SEM image of BH-FEpT (d): three layers of the 
graphene - PbSe QDs hybrid. 
2.3 Electrical measurement 
In electrical measurement, bias voltage (VSD) was applied over source (ground connection) 
and drain electrodes by Keithley 2400, channel current flowing into drain denoted by ID was 
also detected by Keithley 2400. Gate voltage (VG) was applied on gate electrode by HP6030A 
to ground connection. 
 Results and discussion 3.
3.1 Electric properties of FEpTs 
Electric measurements were performed at ambient atmosphere under room temperature in 
the dark. Figure 3 (a) and (b) give the (ID - VSD) output characteristics of LH- and BH-FEpTs, 
respectively, under some certain bias voltages of 0 V, ±2 V, ±4 V, ±6 V, and ±8 V. 
Ambipolar characteristics of both devices are obvious saturation behavior in both hole and 
electron depletion regimes in graphene[19]. Drain current (ID) for both p- and n-channel 
operations shows a nearly linear increase in the VDS range of 0 to ±5 V for both devices. In 
such region the drain current is expressed as ID = nGenμVSDW/L [19-22], wherer nG is number 
of graphene sheets forming the channel, e is the electronic charge, n is carrier density per area 
in graphene sheet(s), VSD is bias voltage, μ is carrier mobility in graphene sheet(s), W and L 
are width and length of the channel. A higher n is obtained by applied a higher VG, because 
more carriers are driven from QDs to graphene sheet(s) [15]. Therefore, the higher of VG 
applied the larger of channel current is. The saturation current indicates the transfer rate of 
corresponding charge carriers under VG. For BH-FEpT, the same level of saturation current in 
n- and p- channel operations represents that electrons and holes have balance transfer rate; 
whereas for LH-FEpT, hole transfer rate is higher than that of the electrons by deducing from 
higher level of saturation current of holes.  
  
 
 
Figure 3 Output characteristics (ID – VSD) of LH-FEpT (a) and BH-FEpT (b) 
without light illumination, under VG of 0 V, ±2 V, ±4 V, ±6 V, and ±8 V. (c)Transfer 
characteristics (ID – VG) , VSD = 0.2 V of graphene FET, BH-FEpT and BH-FEpT.  
The mobility of electron and hole as another important parameter in FEpTs can be 
obtained by transfer characteristics (ID - VG), as figure 3 (c). The symmetry of transfer curve 
of pristine graphene FET indicates equal mobilities of hole and electron which are determined 
by the slope of transfer curve[15]. The minimum point corresponds to the lowest carrier 
density in graphene, or termed as Dirac point. Modified by QDs, the Dirac point shift is very 
small for both devices, which is different from the result of Fan’s group[15], due to the barrier 
formed by capping ligands preventing carriers from transferring. When gate voltage is applied, 
carrier transfer occurs, then the polarity and carrier density in graphene sheet(s) can be tuned 
[23, 24]. According to the slopes in figure 3 (c), mobilities (Μ) of electron and hole are 
attributed to 314, 367 cm
2
/Vs in BH-FEpT, and 677, 527 cm
2
/Vs in LH-FEpT, respectively. 
Please note that M is mobility of carrier in channel, instead of mobility μ in graphene sheet(s), 
and M = nGμ. Where nG can be regarded as sub-circuit number in a shunt circuit, it reduce to 1 
if single layer graphene forming the channel as LH-FEpT. Thus, high mobility of carriers in 
LH-FEpT is the consequences of multi-pathways formed by multi-graphene sheets in channel.     
3.2 Photo responsivities of FEpTs 
  
 
Figure 4 Responsvities of LH-FepT and BH-FepT in n-channel operating regime 
(a) and (c), respectively. 
Sensing mechanism consist of three links. Firstly, photo induced carriers generate in QDs. 
Then, some of them transfer to graphene driven by gate voltage, and transport in graphene 
under bias voltage. Meanwhile, carries in opposite charge remain in QDs can be viewed as an 
additional gate voltage applied on graphene, which termed as light-gate effect. Due to that 
effect, horizontal shifts ΔVG could be used to calibrate light irradiance (Ee), as [25] 
G eV E
 
             (1) 
where α and β are constant. According to equation ( ) /D ox SD G TI WC V V V L  [20, 21], the 
increments of channel current ΔISD, resulting from the light illumination, could be expressed 
as a function of the gate shift ΔVG deduced from equation (1): 
D ox SD G
W
I C V V
L
             (2) 
For a specific device, oxWC L  is constant, and ΔISD is directly proportion to VSDΔVG.  
Responsivity (R) is also calculated by equation 
ill Dark D
I I I
R
P P
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 
           (3) 
  
where Iill and IDark are channel current under light illumination and in dark, respectively, and P 
=AEe is incident optical power, where A is the illumination area. Substituting equation (1) (2) 
into (3), obtain expression 
1
2 2
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e
C V C V
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In a double-logarithmic axis plot, lg(R) keeps a good linear relation with (β-1)lg(Ee) for 
both types of FEpTs, consistence with results of other groups [14, 15]. Both of FEpTs exhibit 
photo responses as shown in figure 4, under the specific gate voltage (10 V, and 4 V, ) and 
bias voltage (8 V). Ambipolar photo response indicates that both types of operation channels 
can convert light-gate voltage to light-drain current. The slope of lg(R) versus lg(Ee) is 
attributed to a consistence (β-1). Fitting with equation (4b), we got, βn = 0.05 for LH-FEpT, 
and βn = 0.03 for BH-FEpT. The highest β and responsivity presents in LH-FEpT when 
operating in n-channel corresponding the lowest mobility of 314 cm
2
/Vs. 
 
3.3 Light response time of FEpTs 
 
  
Figure 5 Photo current responses of LH-FEpT (a), and BH-FEpT (b) to On/Off 
light illumination for various cycles. VG = -5, VSD = 1 V; Wavelength: 808 nm; 
Irradiation: 8.45 mWcm
-2
; On / Off time: 20 s (a), and 75 s (b) 
Figure 5 gives the transient photo current response of two FEpTs to On / Off illumination 
for various cycles, where light irradiation is 8.45 mW/cm
2
, wavelength is 808 nm, VG = 5, 
VSD = 1 V, and On / Off time is 20 s and 75 s for LH-FEpT and BH-FEpT, respectively. The 
channel current decrease with illumination time, and can be fitted with an exponential 
equation:
1 1 2 2exp( / ) exp( / )DI I t I t        with two relaxation time τ1 and τ2. The time 
constant τ1 and τ2 are 0.7 s and 2.5 s for LH-FEpT, 12 s and 49 s for BH-FEpT, respectively. 
The shorter relaxation time τ1 indicates transfer time of holes from QDs to graphene sheet(s), 
whereas the longer response time τ2 corresponds to carrier transport time in QD layer. 
Similarly, the channel current increases when the light is switched off. When fitting by an 
exponential equation with two relaxation time τ3 and τ4: 
1 3 2 4(1 exp( / )) (1 exp( / ))DI I t I t         , the time constant τ3 and τ4 are 1 s and 3 s for 
LH-FEpT, 15 s and 58 s for BH-FEpT, which are slightly longer than τ1 and τ2, respectively. 
Considered τ3 represents transfer time of electrons from QDs to graphene sheets, τ1 < τ3, 
indicates QDs are net negative charged when exposed to light. Though dark current shifts, 
photo current of both devices is reproducible.  
Obviously, all time constant τ1 - τ4 of LH-FEpT is much shorter than that of BH-FEpT. 
The most import time constant is τ1 whose inverse represents the transfer rate from QDs to 
graphene. According to fitting results τ1 are 0.7 s and 12 s, the transfer rate of LH-FEpT and 
BH-FEpT is 1.43 and 0.083 for LH-FEpT and BH-FEpT, respectively. In other words, the 
ratio of transfer rate of LH-FEpT to BH-FEpT is as high as 17.  
3.4 Sensing mechanism discussion 
  
According to sensing mechanism, those photon-generated carriers transfer from PbSe QDs 
to graphene form the ΔVG, representing in unit time photo-induced additional gate voltage, 
expressed as [20, 21]  
tr ph
G
V
ox
er n
V dV
C WL
              (5) 
where rtr is net transfer rate, nph is photo-induced carrier density per unit volume in channel, 
and integration is performed on channel volume. However, ΔVG cannot be measured directly. 
Then ΔID is used as an observation variable associated with ΔVG by equation (2). Substituting 
equation (2) (5) into equation (3), we obtain R as 
2 tr p
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Setting 
tr ph tr ph
V
r n dV r N , where trr  is the average net transfer rate, phN is the total 
number of photo-induced charge carriers. Then, a more simple expression of R is got,  
2
S
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eVI
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   
 
         (7) 
From equation (7), it is obvious that responsivity is proportional to the product of mobility 
and average net transfer rate in this kind of hybrid FEpTs. In our experiment, μn of LH-FEpT 
is nearly a half of value in BH-FEpT, meanwhile trr  of LH-FEpT is about 17 times that of 
BH-FEpT. As a consequence, R of LH-FEpT is deduced to much higher than R of BH-FEpT, 
consistence with the results shown in figure 4.  
 Conclusions and summary 4.
In summary, we investigated two typical FEpTs, based on graphene and PbSe QDs hybrid, 
including LH-FEpT and BH-FEpT. Due to multi-pathways formed by multi-graphene sheets 
in bulk-heterojunction channel, BH-FEpT shows the highest mobility μn = 677 cm
2
V
-1
s
-1
, 
  
whereas μn in LH-FEpT is as low as 314 cm
2
V
-1
s
-1
. The higher responsivity is obtained from 
LH-FEpT, instead of BH-FEpT. Because R is proportional to the product of mobility and 
transfer rate, and high transfer rate of LH-FEpT overcompensates the shortage of low 
mobility. Although large area of BH benefits high density of photo-induced carriers, lack of 
transport mechanism becomes to the main constrain factor. Therefore, LH-FEpT is a good 
candidate of NIR photo detector with low cost, flexibility, easy fabrication and easy 
integration. 
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